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Trypanosome Mitochondrial 3 Terminal Uridylyl
Transferase (TUTase): The Key Enzyme
in U-Insertion/Deletion RNA Editing
3 TUTase activity specific for the addition of Us to
the mammalian U6 snRNA prior to maturation has been
identified (Trippe et al., 1998). A 3 TUTase activity in
trypanosomes was first described in whole-cell extracts
of T. brucei (White and Borst, 1987) and in a purified
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Howard Hughes Medical Institute A 3 TUTase activity was enriched over 130,000-fold
University of California, Berkeley from a purified L. tarentolae mitochondrial fraction by
Berkeley, California 94720 a series of affinity, perfusion ion exchange, size-fraction-
ation, and hydrophobic interaction chromatography col-
umns. The isolation procedure is shown in Table 1 and
Summary Figure 1A. The final preparation had a single 135 kDa
band and 2 minor bands of 65 and 75 kDa that varied
A 3 terminal RNA uridylyltransferase was purified from in relative intensity in different isolations and did not
mitochondria of Leishmania tarentolae and the gene react with anti-TUTase antiserum. It is of course possible
cloned and expressed from this species and from Trypa- that the presence of inhibitors would influence the calcu-
nosoma brucei. The enzyme is specific for 3 U-addition lated fold purification in the early fractionation stages,
in the presence of Mg2. TUTase is present in vivo in at but this is unlikely since the activity was linear at all
least two stable configurations: one contains a 500 stages of purification.
kDa TUTase oligomer and the other a700 kDa TUTase
complex. Anti-TUTase antiserum specifically copre- Cloning, Sequencing, and Expression of TUTase
cipitates a small portion of the p45 and p50 RNA li- Genes from L. tarentolae and T. brucei
gases and approximately 40% of the guide RNAs. Inhi- Tryptic peptides from the 135 kDa protein were micro-
bition of TUTase expression in procyclic T. brucei by sequenced and used to construct degenerate primers
RNAi downregulates RNA editing and appears to affect for PCR. The genes were cloned and sequenced from
parasite viability. both L. tarentolae and T. brucei. The genes are single
copy and the L. tarentolae gene was located on the
Introduction 600 kb chromosome 9 (data not shown).
His-tagged proteins were expressed in E. coli and
Uridine (U) insertion/deletion RNA editing of mRNA tran- used to generate polyclonal antisera. A 135 kDa band
scripts in trypanosomatid protozoa involves a series reacting with the L. tarentolae antiserum was detected
of enzymatic reactions mediated by base-pairing with at each stage of the biochemical isolation of the enzyme
guide RNAs (gRNAs) (Este´vez and Simpson, 1999). The (Figure 1A, right panel).
model involves the initial formation of an anchor duplex
by the cognate gRNA just downstream of the editing The Recombinant L. tarentolae TUTase
site, a cleavage of the preedited mRNA at the first mis- Is an Oligomer
match, and the addition of Us to the 3 end of the 5 Native gel analysis of the recombinant L. tarentolae
cleavage fragment by a 3 uridylyl transferase (TUTase), TUTase (Figure 1B) showed a minor band of presumably
which base pair with the guiding nucleotides in the unfolded protein migrating slightly above monomer mo-
gRNA. The two cleavage fragments are then ligated by lecular weight and a major band migrating at around 500
an RNA ligase (Rusche´ et al., 2001; Schnaufer et al., kDa. Biochemically purified TUTase (Figure 5B, lane1)
2001; McManus et al., 2001). migrated in a native gel as a single band of approxi-
TUTase activities have been partially purified from mately 500 kDa. The recombinant and native (purifica-
mammalian cells (Andrews and Baltimore, 1986; Milchev tion step IV) L. tarentolae TUTase eluted in Superose 6
and Hadjiolov, 1978) and plants (Zabel et al., 1981). A gel filtration at approximately 500 kDa (not shown). The
recombinant protein was treated with three crosslinking
agents and subjected to SDS gel electrophoresis and5 Correspondence: simpson@kdna.ucla.edu
6 These authors contributed equally to this work. Western blotting (Figure 1C). Three crosslinks of varied
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Table 1. Isolation L. tarentolae Mitochondrial 3 TUTase
TUTase units Total protein Specific Activity Yield Fold
(nmol UTP/min) (mg) (U/mg) (%) Enrichment
Total cell extract N/D N/D 0.05 N/D 1
Mito extract 420 2,160 0.19 100 3.8
S100 390 540 0.7 93 14 I
Poly U 311 5.2 60 74 1,200 II
Poros Q 190 0.4 475 45 9,500 III
Superose 12 120 0.1 1200 29 24,000 IV
Phenyl Sepharose 40 0.006 6,670 10 134,000 V
Recombinant protein 8,200
efficiency were observed. The size of the first crosslink characteristic of the entire pol  superfamily (Aravind
and Koonin, 1999). A “poly(A) polymerase core domain”corresponds to a dimer, and the larger two crosslinks
most likely represent a trimer and tetramer. The gel and a “poly(A) polymerase-associated domain” were
also identified. However, there are insertions of morefiltration, native gel analysis, and crosslinking results
are consistent with a tetrameric quaternary structure, than 150 amino acids between the second and third
metal binding aspartates in TUTase from the two spe-but this must be confirmed by structural analysis. We will
therefore refer to the conformation of the recombinant cies, which are not found in poly(A) polymerase.
TUTase as “oligomeric.”
U-Specificity of TUTase
Recombinant proteins from both species showed a ro-TUTase Is a Member of the DNA Polymerase
 Superfamily of Nucleotidyltransferases bust 3 addition of Us to substrate RNAs, with little
incorporation of ATP, a limited incorporation of CTP,Three functional domains were identified by PROSITE
database searching (Figure 1D). The mononucleotide and a limited incorporation of GTP that terminates pre-
dominantly at 14 G’s, as shown in Figure 2A. This limita-binding domain has the hG[GS]  (9-13) Dh[DE]h motif
Figure 1. Purification of 3 TUTase from L.
tarentolae Mitochondria
(A) SDS gel analysis of fractionation steps.
Approximately equal number of units of enzyme
activity were loaded per lane. Left panel: Sy-
pro ruby-stained gel. Right panel: Western
blot with anti-TUTase antiserum. The numbers
refer to the isolation step in Table 1.
(B) Western blot of recombinant TUTase sepa-
rated on a native 8%–16% gel, visualized with
PentaHis monoclonal antibody (Qiagen).
(C) Chemical crosslinking of recombinant
TUTase with homobifunctional imidoesters
with different chain lengths (10 A˚ for DMP,
11 A˚ for DMS, 11.4 A˚ for BS3 ). Reaction prod-
ucts were separated on a 8%–16% SDS gel
and detected with anti-TUTase antiserum.
(D) Diagram of the L. tarentolae and T. brucei
TUTases. The nucleotidyltransferase super-
family core motif (Holm and Sander, 1995) is
shown below with the metal binding aspar-
tates in boldface. Motifs: (1) Mononucleotide
binding. (2) Amino acid insertions between
the second and third aspartates specific to
the TUTase sequences. (3) Poly(A) polymer-
ase core. (4) Poly(A) polymerase-associated.
Trypanosome Mitochondrial 3 TUTase
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Figure 2. Enzymatic Properties of the L. tarentolae Recombinant TUTase
(A) 5-labeled [G]12-U synthetic RNA (0.1 M), NTPs (100 M), and TUTase (0.2 U/ml) were incubated at 27C and aliquots were removed at
indicated times for gel analysis. The “Mg” reactions contained 10 mM Mg2 and the “Mn2” reactions contained 2 mM Mn2.
(B) Effect of 3-terminal nucleotides on TUTase activity. Substrates were synthetic RNAs ending as indicated. Reactions were run as in (A)
for indicated times.
(C) Primer challenge assay: One pmol of 5-labeled [G]12-U RNA and 5 mU of TUTase were preincubated in 20 l reaction for 10 min before
addition of UTP to 100 M plus a 1- to 50-fold excess of the same unlabeled primer and a further incubation for 10 min. The products
interpreted as processive and distributive transferase activity are indicated.
tion of G addition to 14 nucleotides has also been re- tion of Mg2 by Mn2 selectively inhibited the distributive
activity of the enzyme (Mn2 panel in Figure 2A). Theported for poly(A) polymerase (Martin and Keller, 1998).
Substitution of Mg2 with Mn2 affected the nucleotide absence of a continuous ladder between the “distribu-
tive” and the “processive” patterns also indicates thatspecificity of the recombinant enzyme, giving rise to a
substantial incorporation of both A and C in addition to U. there are two types of activities. The shortening of the
processive product by the excess primer probably indi-The minimal length of the RNA substrate was at least
10 nucleotides (not shown). However, at UTP concentra- cates recycling of the enzyme after a number of pro-
cessive catalytic acts.tions above 10 M, a low level of UTP self-polymeriza-
tion was observed in the absence of substrate RNA (not
shown). The L. tarentolae enzyme added Us to RNAs
TUTase Activity Is Modulated by the Natureterminating in 6As, 6Cs, or 6Gs, but showed a preference
of the RNA Substratefor RNAs terminating in 6 Us (Figure 2B).
The activity of the recombinant L. tarentolae TUTase
on model editing substrates is shown in Figure 3. The
substrates consisted of two short synthetic RNAsTUTase Exhibits Both Distributive and Processive
Transferase Activities bridged by an RNA (brRNA) that was complementary
both to the 3 cleavage fragment (forming the “anchorLabeled RNA primer was preincubated with TUTase and
then challenged with an excess of unlabeled primer plus duplex”) and the 5 cleavage fragment (Kapushoc and
Simpson, 1999), and had a single strand gap with A orUTP (Greider, 1991). Figure 2C shows the presence of
both a minor processive transferase activity in which G nucleotides. Use of the 5-end-labeled 5 fragment
alone as substrate led to the addition of a ladder of Us,the formation of a high molecular weight product is not
greatly affected by the unlabeled primer, and a major the length of which was determined solely by the enzyme
and UTP concentration. Annealing of the 5 fragmentdistributive transferase activity in which the addition of
Us is inhibited by competition with unlabeled primer and the brRNA somewhat decreased the number of Us
added, but annealing the 5 fragment, the 3 fragment,upon addition of each subsequent nucleoside. Substitu-
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TUTase Is Localized in the Mitochondrion
and TUTase Activity Can Be Completely
Immunodepleted by Anti-TUTase Antiserum
A mitochondrial localization of TUTase (Bakalara et al.,
1989) was experimentally confirmed by Western analysis
of subcellular fractions. As shown in Figure 4A, TUTase
was highly enriched in the gradient-purified mitochon-
drial fraction in lane 4, as was the mitochondrial matrix
protein, glutamate dehydrogenase. Neither TUTase nor
glutamate dehydrogenase were found in the cytosol
fraction in lane 2. Tubulin, a component of the plasma
membrane in Leishmania, was found in the crude mito-
chondrial membrane fraction in lane 3, but was not de-
tected in the purified mitochondrial fraction.
Protein G Sepharose beads with bound affinity-puri-
fied mouse polyclonal antiserum against the L. tarento-
lae recombinant TUTase were used to immunodeplete
mitochondrial extract. As shown in Figure 4B, this re-
sulted in almost complete depletion of both TUTase
activity and TUTase protein from the supernatant solu-
tion. Short synthetic RNAs were used as substrates in
this assay, but no indication of any other TUTase activity
was observed using a bridged RNA substrate (not
shown). These data suggest that the identified protein
is the only one responsible for the 3 TUTase activity in
L. tarentolae mitochondria.
The recombinant TUTase migrated faster in the SDS
gel than the native enzyme (Figure 4B, lane 6), sug-
gesting the presence of some type of modification that
is lacking in the recombinant protein.
TUTase Binds Guide RNA and Interacts
with RNA Ligase
A specific association of TUTase and the ATP-labeled
p45 and p50 RNA ligase proteins (the homologs in T.
brucei are termed p50 and p57 by Sabatini and Hajduk,
TbMP48 and TbMP53 by Schnaufer et al., and Bands V
and IV by Rusche´ et al.) (Sabatini and Hajduk, 1995;
Rusche´ et al., 2001; Schnaufer et al., 2001; McManus
et al., 2001; Peris et al., 1997) was shown by co-IP with
anti-TUTase antiserum even in the presence of 1% Tri-
ton X-100 in 150 mM NaCl (Figure 4C, left panel). A
control Western showed the IP of TUTase and the lack
of co-IP of glutamate dehydrogenase (right panel), an
abundant mitochondrial protein with RNA binding prop-Figure 3. Model RNA Substrates with the Indicated Guiding Nucleo-
tides in the brRNA Were Used in TUTase Reactions erties, but not involved in RNA editing (Bringaud et al.,
1997; Este´vez et al., 1999). However, virtually no deple-*  5 end label. The “5  3” lane contained a 3-fold excess of
unlabeled 3 fragment. The Control lane contained no enzyme. The tion of p45 and p50 from the mitochondrial extract was
locations of the oligonucleotides with 1 and 3 Us are indicated. observed even when all detectable TUTase was immu-
noprecipitated (data not shown), suggesting that the
TUTase-ligase interaction involves only a portion of the
ligase complexes.and the brRNA had an inhibitory effect on the number
of Us added. The size of the single-stranded gap also Guide RNA, which can be specifically 5-labeled with
GTP and guanylyltransferase (Blum and Simpson, 1990),affected the number of Us added. There was a
predominant1 band with all substrates, especially with was also detected in the TUTase IP (Figure 4D, TUT lane).
As a control for nonspecific RNA binding, the abundantthe A brRNA, but the AGA brRNA yielded in addition a
predominant 3 U band, and the GA brRNA a 2 band mitochondrial tRNAIle (Ex lane) was not detected in the
TUTase IP (TUT lane). A direct interaction of syntheticand 3 in equal amounts. This inhibitory effect required
guiding nucleotides that could base pair with the added labeled gRNA and TUTase in the mitochondrial extract
was also shown by UV crosslinking followed by TUTaseUs as shown by the ladder produced with the non-base-
pairing CCC brRNA. The1 U activity was also observed IP and RNase treatment (Figure 4E). A crosslink was
observed with TUTase, which did not depend on thewith single-stranded RNA primers at low enzyme con-
centrations (0.01 nM, not shown). presence of a 3 oligo(U) tail in the labeled substrate
Trypanosome Mitochondrial 3 TUTase
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Figure 4. Analysis of Mitochondrial Extract Using Anti-TUTase Antiserum
(A) Mitochondrial localization of TUTase. Lane 1, total cell extract; lane 2, cytosol; lane 3, crude mitochondrial fraction; lane 4, density gradient
purified mitochondria. Western blot of 10 g of protein from each cell fraction using anti-TUTase, anti-GDH (Bringaud et al., 1997), and anti-
tubulin antisera.
(B) Clarified extract was incubated with Protein G beads coated with affinity-purified mouse anti-TUTase antiserum. Upper panel: TUTase
activity in the supernatant and bound to the beads. Lower panel: Western blot with anti-TUTase antiserum. Lane 1, mt extract; lane 2, mt
extract after immunodepletion of TUTase activity; lane 3, TUTase activity bound to beads; lane 4, mt extract after immunodepletion with
preimmune serum; lane 5, TUTase activity of beads with preimmune serum; lane 6, recombinant TUTase.
(C) Co-IP of p45 and p50 ligases with TUTase. Beads from lane 3 in (B) were incubated with [	-32P]ATP to label p45 and p50. Bound proteins
were separated on a 10%–20% SDS gel and transferred to nitrocellulose. The filters were exposed to a PhosphoImager screen (left panel)
and then subjected to Western blotting with rabbit anti-TUTase antibody (TUTase) and anti-glutamate dehydrogenase antibody (GDH) (right
panel). Ex, extract; Pre, preimmune serum; TUT, anti-TUTase antiserum; IP, immunoprecipitation.
(D) Co-immunoprecipitation of gRNAs with TUTase. RNA was isolated from the mitochondrial extract (Ex), the preimmune Co-IP material (Pre),
and the anti-TUTase Co-IP material (TUT). gRNAs were specifically labeled with [	-32P]GTP and guanylyltransferase. Upper panel: Autoradiogram
of labeled gRNA from each fraction. Lower panel: Northern blot with probe for mitochondrial tRNAIle.
(E) UV-crosslinking of gRNA and TUTase. Mt extract was incubated with labeled in vitro transcribed gRNA (with or without a 3 oligo(U) tail)
in the presence of 0.1 mg/ml of nonspecific RNA (see Experimental Procedures), and irradiated with 254 nm UV. IP was performed with anti-
TUTase antibody. Both extract and IP material were treated with RNase A and separated on an SDS gel and the TUTase band was detected
by Western analysis.
(F) Immunodepletion of gRNA with anti-TUTase antiserum. S-100 mitochondrial extract was extracted three times with IgG of preimmune
serum (Pre lane) or anti-TUTase antibody (TUTase lane). A control Western showed complete removal of the TUTase by the anti-TUTase
extraction (not shown). RNA was isolated from the supernatant and labeled with [	-32P]GTP and guanylyltransferase and subjected to acryl-
amide-urea gel electrophoresis. The bands were quantitated by PhosphoImager analysis. The “5 S” band is a GTP-labeled RNA in the same
gel used as a loading control. The kRNA lane is total gRNA from untreated extract labeled with [	-32P]GTP.
RNA. An unrelated synthetic RNA of the same length at around 500 kDa (Figure 5B, lane 1), and is likely to
represent the oligomeric protein by itself. The minor TUTand lacking any stable predictable structure (see Experi-
mental Procedures for sequence) produced a number II peak sedimented in a glycerol gradient at approxi-
mately 20S (Figure 5C) and migrated in a native gel asof crosslinks with the mitochondrial extract, but no label
transfer to TUTase protein was detected in the immuno- a major band of approximately 700 kDa (Figure 5B, lane 2).
It was shown previously that the adenylated p50 andprecipitated material (not shown).
The immunodepletion of gRNA from the extract by p45 RNA ligase proteins in the 20S region are compo-
nents of a complex of 1200 kDa (Rusche et al., 1997)anti-TUTase antiserum was measured as shown in Fig-
ure 4F. Approximately 40% of the gRNA was depleted and a minor complex of 500 kDa (Peris et al., 1997),
the relative amounts of which vary between prepara-under conditions in which all detectable TUTase was
depleted. tions. An SDS gel of each column fraction of the TUT II
peak, showing the elution of TUTase two fractions prior
to the ATP-labeled p45  p50, is presented in FigureSeparation of Two Classes of TUTase by Anion
Exchange Chromatography 5A (inserted panels). A direct comparison of native gel
profiles of TUTase and the ATP-labeled high molecularTwo peaks of TUTase activity were observed in the
Poros Q step of the enzyme isolation (Figure 5A). The weight complex in the pooled TUT II peak confirmed
that these represent distinct entities (Figure 5B, com-major TUT I peak, which was used for further purification
of the enzyme, sedimented in a glycerol gradient at pare lanes 2 and 4). A glycerol gradient fractionation of
the pooled TUT II peak also showed a clear separationapproximately 10S (not shown), migrated in a native gel
Cell
642
Figure 5. Two Forms of TUTase
(A) Two peaks of TUTase activity separated by anion exchange chromatography (step III in Table 1). The TUT I peak was used for the isolation
of TUTase. The presence of TUTase and the p50 and p45 RNA ligases in the TUT II peak fractions are shown by Western analysis and by
adenylation of p50 and p45 in each fraction.
(B) Native gel analysis of TUT I and TUT II fractions. I, TUT I peak. II, TUT II peak. Fractions indicated by brackets were pooled, subjected to
adenylation to label p45 and p50, and separated on 8%–16% native gel. Left panel: Western using anti-TUTase antiserum. Right panel:
Autoradiograph of ATP-labeled L-complex.
(C) Glycerol gradient sedimentation of TUT II. Fractions 30–34 from (A) were concentrated and centrifuged on 10%–30% glycerol gradient in
an SW41 Beckman rotor for 20 hr at 35,000 RPM. Each fraction was ATP-labeled to visualize the p45 and p50 ligases, and the gel was blotted,
exposed to a PhosphoImager screen, and treated with anti-TUTase antiserum.
of the TUT II TUTase and the ATP-labeled band (Figure high molecular weight smear of around 700 kDa (Figure
6A, II), consistent with this component being equivalent5C). Since the ATP-labeled band contains p45 and p50
and comigrated in a native gel with the ATP-labeled to the 700 kDa TUTase complex detected in the TUT II
peak after ion exchange chromatography (Figure 5B).complex from glycerol gradients (not shown), we inter-
pret this as the 1200 kDa complex (Peris et al., 1997), In addition, a minor amount of TUTase complexes with
S values greater than that of the TUT II complex werewhich has survived ion exchange chromatography.
These fractionations show that both TUTase and RNA also detected (Figure 6A).
Pretreatment of the extract with RNase prior to sedi-ligase form stable but distinct higher-order complexes
that can withstand the conditions of ion-exchange chro- mentation resulted in a loss of the higher molecular
weight TUTase material (Figure 6B, II). There was lessmatography (high salt and the absence of Mg2). How-
ever, the coimmunoprecipitation of RNA ligase from mi- effect of RNase treatment on the lower molecular weight
TUTase material. This evidence suggests the presencetochondrial extract with anti-TUTase antibody (Figure
4C) clearly demonstrates that TUTase interacts with a of an RNA component in the 700 kDa TUT II TUTase
complex that is required for stability. An obvious candi-minor fraction of the total RNA ligase.
date is the gRNA shown above by coimmunoprecipita-
tion and UV crosslinking to be associated with TUTase.Two Classes of TUTase Are Also Separated by Glycerol
Gradient Sedimentation and the Higher Molecular
Weight Class Is Sensitive to RNase Digestion Effect of Inhibition of TUTase Expression
in T. brucei Procyclic CellsGlycerol gradient sedimentation of mitochondrial ex-
tract and Western analysis of each fraction using anti- Since a workable conditional gene expression system
is not available in Leishmania, the effect of RNAi ofTUTase antiserum is shown in Figure 6A. The SDS gel
profile (Figure 6A, panel 2) showed the distribution pro- TUTase expression was examined in procyclic T. brucei
(Ngo et al., 1998) using an integrated expression vectorfile described previously for TUTase activity (Peris et
al., 1997). Native gel analysis of each fraction (Figure containing head-to-head fragments of TUTase under
control of a tetracycline-inducible PARP promoter (La-6A, panel 1) showed that the 10S peak (labeled I) con-
tains the TUTase oligomer as a major component but Count et al., 2000). Induction of RNAi by addition of
tetracycline led to a severe growth defect after 5–6 daysis more heterogeneous than the TUT I TUTase, probably
as a result of the removal of bound RNA and other (Figure 7A).
The level of TUTase protein decreased rapidly afterproteins by the ion exchange conditions. The TUTase
sedimenting around 20S migrated in a native gel as a induction of RNAi with tetracycline whereas neither the
Trypanosome Mitochondrial 3 TUTase
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Figure 6. Glycerol Gradient Sedimentation of TUTase in Mitochondrial Extract
(A) Untreated mitochondrial extract was sedimented in a 10%–30% glycerol gradient and fractions were electrophoresed in a native 8%–16%
acrylamide gel (panel 1) or an SDS acrylamide gel (panel 2). The gels were blotted and probed with anti-TUTase antiserum. The regions
labeled I and II correspond to the TUT I and TUT II TUTase peaks, respectively.
(B) The mitochondrial extract was digested with RNase A prior to sedimentation.
29-13 parental cells (Wirtz et al., 1999) treated with tetra- the editing of the CO2 mRNA was less pronounced but
significant. As shown in Figure 7E, there was a maximumcycline nor the cells not treated with tetracycline showed
any changes in TUTase abundance (Figure 7B). The ef- 30% decrease in the percentage of edited transcripts.
fect on editing was analyzed for 6 out of the 12 edited
mRNAs using labeled primers that hybridized just down- Discussion
stream of the editing domains and were extended either
to the 5 end of the mRNA (Cyb and Murf2 mRNAs) or Three motifs characteristic of the poly(A) polymerase
N-terminal catalytic core and central regions (Martin andto a specific residue where termination was achieved
with incorporation of a dideoxynucleotide (CO2, ND8, Keller, 1996; Martin et al., 1999, 2000; Bard et al., 2000) are
conserved in the Leishmania and Trypanosoma TUTaseand CO3 mRNAs). The time course of the effect on edit-
ing of the ND7 mRNA is shown in Figure 7C. There is a proteins. We have preliminary evidence that mutation
of the conserved aspartates in positions 342, 344, anddecrease in the ratio of the edited to preedited bands
with time of induction of RNAi, reaching approximately 548 completely inactivates the enzyme, while mutation
of neighboring aspartates has no effect, confirming the75%. An absence of a general effect on the stability or
transcription of mitochondrial RNA was shown by the functional importance of these residues and the general
similarity of 3-uridine addition to other types of nucleoti-primer extension of the never edited CO1 mRNA and the
cytosolic calmodulin mRNA (Figure 7C, lower panels). dyltransferase activities. However, an insertion of more
than 200 amino acids between the second and third aspar-Based on this result, an internal control was performed
for the ND7 mRNA by incorporating a primer for the CO1 tate residues of the metal binding triad appears to be
unique to TUTase. The oligomeric structure of the L. taren-mRNA in the reaction (Figure 7C, upper panel), thereby
allowing a normalization of loading. Little change was tolae TUTase is also not typical of other members of the
superfamily, which are generally monomeric.observed in the overall levels of edited  preedited
mRNAs during the RNAi induction, suggesting no effect The TUTase enzymes from both species show a high
degree of specificity for UTP with a Km of approximatelyof RNAi on stability of edited or preedited RNA.
The primer extension results for CO3, Cyb, Murf2, and 50 M (not shown). This nucleotide specificity was de-
creased by substitution of the Mg2 metal cofactor withND8 are shown in Figure 7D. In each case, there was
approximately a 90% decrease in the percentage of edited Mn2, as was previously observed for poly(A) polymer-
ase (Chen and Moore, 1992). The enzyme in the pres-transcripts by 142 hr of RNAi induction. The effect on
Cell
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Figure 7. RNAi of TUTase Expression Affects RNA Editing In Vivo
RNAi was induced in procyclic TbTUTi-H2H cells by the addition of 1 g/ml tetracycline. The parental 29-13 cell line was treated identically
for 96 hr.
(A) Cumulative growth curve with and without tetracycline. Cell growth is expressed as number of cell divisions.
(B) Western analysis of induced and mock-treated cells using anti-TUTase antiserum. Each lane had 15 g of total cell protein. Tubulin was
used as a loading control.
(C–E) Primer extension analyses of mitochondrial mRNAs (20 g of total RNA per lane).
(C) Time course of the analysis of ND7 mRNA for the induced and mock-treated TbTUTi-H2H and 29-13 cell lines. CO1 mRNA was analyzed
in the same primer extension reaction as an internal control for loading and assay performance. Lower panels: Primer extension analysis of
the never edited CO1 and the cytosolic calmodulin mRNA, showing no change of steady-state levels of mitochondrial transcripts.
(D) Analysis of changes in editing patterns of CO3, Cyb, Murf2, and ND8 mRNAs during RNAi induction. E, edited; P, preedited.
(E) Change of editing of CO2 mRNA. The extension products were quantified and the percentage of editing was calculated (n  4).
ence of Mg2 functions mainly in a distributive mode, number of Us added at an editing site. Of course, this
hypothesis does not preclude the possibility that addi-but at high UTP concentrations can processively add
several hundred Us to the 3 end of the RNA substrate. tional protein factors are involved with determining the
extent of processivity of the TUTase at an editing site,The nature of the terminal nucleotides of the RNA primer
have little effect on the TUTase reaction except for a as in the case of poly(A) polymerase (Sachs and Wahle,
1993), or the possibility that the U-specific 3-exo-preference for a 3 string of Us. This property is consis-
tent with a role of TUTase in addition of Us at an editing nuclease (Aphasizhev and Simpson, 2001) serves to trim
a 3 oligo(U) overhang (Alfonzo et al., 1997). A similarsite since the 5 adjacent nucleotide is G or A with an
occasional C. hypothesis was proposed by Igo et al. (2000) based on
results obtained using a crude mitochondrial extractThe number of Us added to a bridged RNA substrate
by the recombinant L. tarentolae TUTase was limited from T. brucei and a precleaved in vitro editing assay.
Two peaks of TUTase activity sedimenting at 10Sby the size of the gap between the 5 and 3 cleavage
fragments, provided that the guiding nucleotides could and20S in glycerol gradients of mitochondrial extracts
from both L. tarentolae and T. brucei were reportedbase pair with the added Us. Furthermore, the mitochon-
drial RNA ligase activity, either partially purified (Blanc previously (Peris et al., 1997). In this paper, we charac-
terized two stable forms of the mitochondrial TUTaseet al., 1999) or in total mitochondrial extract (Igo et al.,
2000), has been shown to have a preference for ligating (TUT I and TUT II) that can survive anion exchange chro-
matography and/or glycerol gradient sedimentation.a bridged nicked substrate rather than one with a gap
or a bulge. We propose that the substrate specificity TUT I migrates in a native gel at around 500 kDa and
represents the TUTase oligomer. The TUTase in the TUTof TUTase combined with that of the RNA ligase may
represent the major factors determining the precise I and the 10S glycerol gradient fraction could represent
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a precursor for the 700 kDa TUTase complex or a break- leads to an effect on the formation or stability of respira-
down product, or it could play a role in the 3 addition tory complexes and a subsequent effect on respiratory
of Us to the gRNAs (Blum and Simpson, 1990), mRNAs metabolism.
(Campbell et al., 1989), and rRNAs (Adler et al., 1991), It should be noted that the RNAi data cannot distin-
which represent other roles for TUTase in these cells in guish between a direct effect on U-insertions at the
addition to the insertion of Us at editing sites. editing sites or an indirect effect involving the inhibition
The TUT II complex migrates in a native gel at 700 of U-addition to the 3 end of the gRNAs and mRNAs
kDa, which suggests the presence of additional compo- and a subsequent effect on the editing process. How-
nents. We have presented immunodepletion and cross- ever, the fact that inhibition of editing was observed for
linking evidence for the binding of approximately 40% the CO2 mRNA, in which the gRNA is the 3 end of the
of total gRNA by TUTase or a TUTase-containing complex. mRNA and functions in cis in the absence of an oligo(U)
We also showed the presence of an RNA component tail, suggests that the inhibition of TUTase expression
required for stability of the TUT II complex by the loss of directly affects insertion of Us at the editing sites. Since
this complex after treatment of the extract with RNase. we have shown that there is a single TUTase enzyme
This is consistent with previous micrococcal nuclease di- in the mitochondrion, this must also be responsible for
gestion evidence for a requirement of an RNA component the 3 addition of nontemplated Us to gRNAs, rRNAs,
for a gRNA-independent in vitro U-insertion activity in an and the addition of Us to the 3 poly(A) tail of mRNAs.
L. tarentolae mitochondrial extract (Frech et al., 1995). The biological functions of these RNA modifications are
Chromatographic evidence for the presence of two not yet clear, but there is some evidence that the pres-
TUTase activities in T. brucei mitochondrial extract has ence of Us in the poly(A) tail of mRNAs invokes a degra-
been previously presented, and it was suggested that dation pathway (Militello and Read, 2000). Our primer
there might be two TUTase enzymes with different bio- extension data, however, indicate no changes in the
logical functions (McManus et al., 2000). Our data, how- turnover of unedited, preedited, or edited mRNAs in the
ever, suggest that there is a single mitochondrial TUTase RNAi-induced cells.
in both trypanosomatid species, which is present in at The isolation of the mitochondrial TUTase involved in
least two states. RNA editing should open the door to a detailed molecu-
The decrease in the relative abundances of several ed- lar analysis of this phenomenon and this work is in
ited mRNAs, which correlated with inhibition of TUTase progress.
expression by RNAi in procyclic T. brucei, provide evi- The fact that TUTase is a vital gene for procyclic T.
dence for a possible role of this enzyme in editing. Since brucei and that editing may also be required for viability
gene rescue with expression of a mutant of TUTase that of bloodstream T. brucei (Schnaufer et al., 2001) sug-
is functional but not degraded by RNAi is technically gests that this enzyme may be an important drug target
difficult, it is of course a theoretical possibility that other for selective chemotherapy of trypanosomatid-caused
mRNAs with similar motifs in the region of or upstream diseases such as African Sleeping Sickness, Leishmani-
of the 560 bp double-stranded RNA are also degraded, asis, and Chagas Disease. And finally, the presence of
and that the decrease in TUTase expression is not the TUTase activity in a variety of eukaryotes not known to
primary cause for the decrease in editing and loss of possess U-insertion/deletion RNA editing may indicate
viability (Lipardi et al., 2001; Sijen et al., 2001). This is other functional roles for terminal U-addition to RNA
unlikely since Southern blot analysis showed a single molecules (Trippe et al., 1998).
copy gene, and Blast analysis of the database with this
sequence did not find any significant similarities, other
Experimental Procedures
than TUTase homologs from related trypanosomatids
(not shown). Additional evidence for TUTase being a See the Cell web site for Supplementary material – detailed experi-
vital gene was the fact that we could only knock out both mental procedures (http://www.cell.com/cgi/content/full/108/5/
637/DC1).alleles in the presence of an ectopic copy. In addition, we
have preliminary evidence for the correlation of immuno-
depletion of a TUTase-containing complex with a loss Leishmania Culture and Mitochondria Isolation
Mitochondria were isolated by the hypotonic lysis Renografin den-of in vitro editing activity, which would limit any possible
sity gradient method (Braly et al., 1974). L. tarentolae cells wereadditional target of TUTase RNAi to a component of
grown in 15 liter batches in brain heart infusion medium to latethis complex. Only a few components have yet been
log phase (180  106 cells/ml) in a BioFlow IV Fermentor (Newidentified, but the known ones, TbMP52 and TbMP48
Brunswick). Approximately 10–12 g (wet weight) mitochondria were
RNA ligases (Panigrahi et al., 2001a) and gBP21 and obtained from 15 liters cell culture. Approximately 50–100 g (wet
gBP25 RNA binding proteins (Koller et al., 1997; Blom et weight) mitochondria were used for pilot fractionation experiments.
al., 2001) have no similarity with TUTase, nor do several
possible components, TbMP18, TbMP42, TbMP63, Trypanosome Culture and RNAi
TbMP81 (Panigrahi et al., 2001b), TbmHel61p (Missel et To construct the pTUTi-H2H vector for inducible RNAi, two 560 bp
al., 1997), TbREAP-1 (Madison-Antenucci et al., 1998), PCR fragments containing nt 444–1024 of the T. brucei TUTase
coding region were inserted in a head-to-head configuration with anand TbRGG1p (Vanhamme et al., 1998). This suggests
internal stuffer fragment, under control of a tetracycline-regulatablethat the observed effect on editing in the RNAi experi-
PARP promoter (LaCount et al., 2000). The vector was transfectedments was most likely due solely to the degradation of
into procyclic T. brucei strain 29–13 (Wang et al., 2000), and resistant
TUTase mRNA. cell lines were selected by plating on agarose (Carruthers and Cross,
The loss of viability in the TUTase RNAi cells appears 1992). Cells were cultured in SDM-79 medium and RNAi was induced
to be a consequence of a decrease in translation of with 1g/ml tetracycline. Cells were maintained in log phase growth
by frequent dilution.edited mRNAs. We have preliminary evidence that this
Cell
646
RNA Analysis incubated with S100 mitochondrial extracts and glycerol gradient
fractions. IPs were performed for 2 hr at 4C. For adenylation, theTotal RNA was purified by the acid guanidium isothiocyanate
method (Chomczynski and Sacchi, 1987). Primer extension was per- washed beads were incubated with 50 Ci/ml [	-32P]ATP for 30 min
at 27C in 1 TUTase reaction buffer. RNA was isolated by SDS-formed as described previously (Este´vez et al., 1999). Cyb (3812)
and Murf2 (3807) mRNAs were analyzed by run off extensions. CO1 phenol extraction and proteins extracted by SDS loading buffer.
Western blotting was performed using the SuperSignal West Pico(3808), CO2 (3809), CO3 (4080), ND7 (4282), ND8 (4130), and calmod-
ulin (3813) mRNAs were analyzed by poisoned primer extension, chemiluminescent system (Pierce). E7 anti-tubulin monoclonal anti-
body was from the Developmental Studies Hybridoma Bank of theusing ddGTP. For normalization experiments, primers 3813, 3808,
or 4282 were extended in the same reaction. University of Iowa.
3807: 5-CAACCTGACATTAAAAGAC-3
3808: 5-GTAATGAGTACGTTGTAAAACTG-3 Chemical Crosslinking
3809: 5-ATTTCATTACACCTACCAGG-3 Protein-protein chemical crosslinking was performed as described
3812: 5-GTTCTAATACATAACAAATCAAAAACACG-3 (Pierce). Products were analyzed on 8%–16% SDS gel followed by
3813: 5-GTTGATCGGCCATCGTAAATCAAGTGGATG-3 Western blotting. DMP, DMS, and BS3 were obtained from Pierce.
4080: 5-AACTTTTCCTACAAACTACC-3
4130: 5-GTCAAAATTTAATTTCACCGTG-3 RNA Crosslinking
4282: 5-CTTTTCTGTACCACGATGC-3 Uniformly labeled gND7-II gRNA (Simpson et al., 1998) with or with-
Guide RNAs were specifically labeled with guanylyltransferase in out 13 Us at the 3 end was synthesized by T7 transcription in
the presence of [	-P32]GTP. The 20 l reaction contained 20 mM the presence of [	-32P]ATP. The labeled RNA was incubated with
Tris-HCl (pH 7.8), 1.2 mM MgCl2, 6 mM KCl, 2.5 mM DTT, 10 Ci of clarified mitochondrial extract in the presence of 0.2 mg/ml of frag-
[	-P32]GTP, 10–100 ng of mitochondrial RNA, and 5 U of enzyme. mented denatured tRNA and UV irradiated for 5 min at 0.12 J/cm2 .
After 15 min incubation, the reaction was extracted with phenol, IP was performed as described and the washed beads treated with
ethanol precipitated, and analyzed on a 10% denaturing gel. RNase A (0.1 mg/ml, 20 min at 37C) prior to SDS-gel electrophore-
sis. The gels were blotted and the filters exposed to a PhosphoI-
Purification of 3 TUTase from L. tarentolae Mitochondria mager screen and reacted with anti-TUTase antibody. The following
Enzymatic activity was measured as incorporation of an [	- 32P]UTP unstructured RNA was used as a specificity control: GGAGAGCCAG
(New England Nuclear) into synthetic [G]12-U RNA. Typically, 1 l GAGAAAGAACACACGGAACAGUUUUCGAAAGCAACAAGCAACA
of protein fraction was added to a 20 l reaction mixture containing GGAAAA.
50 mM Tris-HCl (pH 8.0), 10 mM magnesium acetate, 1 mM DTT,
0.1 mM of [	- 32P]UTP (1000–2000 cpm/pmol), 1 M of RNA primer, Extract Preparation, Glycerol Gradient Sedimentation,
and incubated at 27C for 10 min. The reaction was stopped with and Native Gel Electrophoresis
15 l of 0.5 M sodium phosphate, 0.5% SDS, spotted on DE81 Purified mitochondria (25 mg protein/ml) were lysed with 0.3% Triton
nitrocellulose filters, washed with 0.5 M sodium phosphate, and X-100 in 10 mM Tris-HCl (pH 8.0), 125 mM sucrose, 10 mM MgCl2,
counted in a Beckman Scintillation Counter. The final concentration and 60 mM KCl. The clarified extract (300 l) was centrifuged on a
of 5-labeled primers was kept at 0.1 M and recombinant TUTase 10%–30% glycerol gradient in the SW41 rotor (Beckmann) for 20
at 25–50 mU/ml. For bridged substrates, RNAs were annealed by hr at 35,000 rpm. The reaction was diluted 2-fold with water and
heating in water to 90C and slowly cooling to 20C and the reaction electrophoresed on an 8%–16% native gel (Novex), or stopped with
was carried out for 30 min at 50–100 mU/ml. For the final isolation SDS loading buffer for 10%–20% denaturing gradient gels, and the
protocol, 40 g wet weight mitochondria (2.2 g protein) were extracted gels blotted for Western analysis. Sedimentation values were calcu-
with 120 ml of 50 mM HEPES, (pH 7.2), 5 mM MgCl2, 100 mM KCl, lated using aldolase (9S) and thyroglobulin (19S). It should be noted
1 mM DTT, and 1 mM CHAPS (Roche) by sonication. The S-100 that we use the terms “20S”and “10S” to indicate the two major
extract was subjected to successive chromatography on poly[U] classes of TUTase and ligase reported by most laboratories and
Sepharose 4B (AP Biotech), Poros 20 HQ (Perceptive Biosystems), not to indicate precise S values.
Superose 12-Superose 6 joint column (AP Biotech), and Phenyl
Superose (AP Biotech). The 135 kDa Coomassie-stained band comi- RNA Substrates
grating with TUTase activity was used for in-gel digestions and RNA substrates were chemically synthesized (Oligos Etc., Inc, or
peptide microsequencing (Harvard Microsequencing Facility). Xeragon) and gel-purified.
[G]12-U: GCUAUGUCUGCUAACUUGUUUUUUUUUUUU
Cloning of TUTase Genes and Expression 6-U: GCUAUGUCUGCUAACUUGUUUUUU
of Recombinant Proteins 6-C: GCUAUGUCUGCUAACUUGCCCCCC
Degenerate oligonucleotides based on the sequences of six pep- 6-A: GCUAUGUCUGCUAACUUGAAAAAA
tides were used in all possible combinations for PCR amplification 6-G: GCUAUGUCUGCUAACUUCGGGGGG
with L. tarentolae genomic DNA. The PCR fragment between two 5 fragment: CGACUACACGAUAAAUAUAAAAAG
peptides (LVPVWDEVLK and AGFSFINLEPISHAAR) contained an 3 fragment: AACAUUAUGCUUCUUCGdC
open reading frame and was used to clone a 5.9 kb fragment which AGA brRNA: AGAAGCAUAAUGUUAGACUUUUUAUAUUUAUCG
contained a 3360 nt ORF. The amino acid sequence was used to UGUAGUCdG
identify a genomic fragment from T. brucei encoding the entire gene. AG brRNA: AAGAAGCAUAAUGUUAGCUUUUUAUAUUUAUCGU
The L. tarentolae TUTase gene was cloned into the pET29a vector GUAGUCdG
(Novagen) and six histidine codons upstream of the stop codon A brRNA: AAGAAGCAUAAUGUUACUUUUUAUAUUUAUCGUGU
were introduced by PCR. The plasmid was transformed into E. coli AGUCdG
BL 21 Codon Plus RIL (Stratagene). Expression was induced with CCC brRNA: AAGAAGCAUAAUGUUCCCUUUUUAUAUUUAUCG
1 mM IPTG and the temperature was lowered to 25C for 3 hr. The UGUAGUCdG
recombinant protein was isolated by chromatography on Sepharose RNAs were 5-phosphorylated with T4 polynucleotide kinase
S (AP Biotech), a Talon metal affinity column (Clontech), and on (BRL) and [
32P]ATP. Complementary RNAs were annealed by
Mono Q and Mono S. A final chromatography on Superose 6 yielded heating and slow cooling.
a protein more than 95% pure. The T. brucei TUTase was expressed
using the pET43a() vector. Acknowledgments
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